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Abstract

The retained δ phase of a Pu-1.9 at.% Ga alloy is metastable with respect to the
martensitic δ → α′ transformation that occurs at low temperatures. This transfor-
mation has been shown to proceed by means of an isothermal martensitic mode,
but the kinetics of the transformation are atypical. The transformation exhibits a
“double-C” in a time-temperature-transformation diagram, wherein there exist two
temperatures where a given amount of transformation occurs in a minimum amount
of time. The cause of the double-C kinetics remains uncertain, eliciting proposals of
multiple mechanisms, multiple paths, or different morphologies as possible origins.
Recently, a “conditioning” treatment was found to affect the δ → α′ transformation,
but the underlying mechanism by which the conditioning treatment influences the
transformation has not yet been resolved. In this study, microstructural character-
ization as a function of temperature, time, and conditioning has been employed to
illuminate the role of conditioning in the δ → α′ transformation. Conditioning is
found to enhance transformation in the upper-C and to enable transformation in
the lower-C. The data garnered from these experiments suggest that conditioning
is intimately linked to nucleation processes and of little consequence to the growth
and morphology of the α′ product phase.
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1 Introduction

Elemental plutonium is a material easily provoked from one stable or metastable
state into another. Small perturbations in temperature, pressure, or doping
have dramatic effects upon structural configurations and properties of this
5f-electron actinide element. Under ambient pressure and over a narrow tem-
perature range from room temperature to its low melting point of 640 ◦C,
unalloyed Pu exhibits six equilibrium crystal structures—the most of any pure
element [1–4]. Within the multitude of structural phases, the low-temperature
phases exhibit low-symmetry structures, rather than the high-symmetry, close-
packed structures normally realized in elemental metals. The ductile δ phase,
stable between 310 ◦C and 450 ◦C in unalloyed Pu, exhibits a high-symmetry,
close-packed face-centered-cubic structure, yet this phase displays the lowest
density of the six allotropes [5].

Further complicating our understanding of the phase diagrams of Pu and its
alloys is the inherent radioactivity of Pu, the decay process most relevant to
phase stability being the nuclear α-decay of the Pu atoms. This decay ejects
a 5 MeV helium nucleus and an 86 keV uranium atom into the surrounding
lattice, resulting in a significant damage cascade that generates thousands
of Frenkel pairs within a 15 nm radius [6,7]. While many of these Frenkel
pairs are thought to recombine at ambient temperatures, lattice damage can
accumulate if a specimen is subjected to low temperatures [6,8]. In addition to
defect damage, Pu self-irradiation induces the formation of helium bubbles as
well as the generation of daughter products that alter the composition of the
material. These radiation-induced effects conspire to prevent the attainment
of true thermodynamic equilibrium in any radioactive Pu alloy [9].

Experimental data regarding the stability and properties of Pu at or near
poorly understood phase transformations is of paramount importance to the
development of accurate models encompassing f-electron physics and its ram-
ifications. One such phase transformation, upon which little is tacitly agreed,
is the low-temperature δ → α′ transition in Pu-Ga alloys. Alloying Pu with
small additions of certain elements—such as gallium, aluminum, cerium, or
americium—permits the retention of the δ phase down to room temperature
[1]. However, this retained δ phase is metastable with respect to eutectoid de-
composition, the kinetics of which are exceedingly long [3–5,10]. Upon cooling
a Pu-1.9 at.% Ga alloy below room temperature, another instability is re-
vealed in which the metastable δ phase partially transforms to the metastable
α′ phase by means of a martensitic transformation. This α′ phase exhibits the
monoclinic α-Pu structure, but the δ → α′ transformation proceeds rapidly
enough to trap Ga in the lattice, expanding the lattice parameters over those
of unalloyed α-Pu [5,11,12]. Between the parent δ matrix and the α′ product
phase, there is an approximately 20% volume difference that causes significant
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elastic and plastic strains associated with the transformation. These strains
likely arrest the δ → α′ transformation before completion, resulting in a yield
of only about 25% volume fraction of the α′ product phase embedded within
a δ-phase Pu-Ga matrix. Electrical resistivity, dilatometry, and differential
scanning calorimetry measurements suggest that the α′ → δ reversion occurs
via an isothermal burst martensite mode [13–15].

Whereas the amount of transformation product of an athermal martensitic
transformation is dependent only on temperature [16], the martensitic δ → α′

transformation in Pu-Ga alloys proceeds isothermally, wherein both tempera-
ture and time determine the amount of transformation. A typical isothermal
transformation takes on a characteristic “C” shape when the amount of trans-
formation is plotted in a time-temperature-transformation (TTT) diagram.
This “C” shape, where the “nose” temperature is the minimum in the time
for the initiation of transformation, results from the competition between two
mechanisms characterized by opposite temperature dependences. In the case
of a diffusional, isothermal transformation, the high-temperature portion of
the “C” is dominated by diffusion, the magnitude of which decreases with
decreasing temperature, and the low-temperature portion of the “C” is dic-
tated by the free energy difference (driving force) between the initial and final
phases, which increases with decreasing temperature.

Somewhat atypically, the isothermal δ → α′ transformation in Pu-1.9 at.% Ga
exhibits two “C’s” (double-C behavior) when plotted on a TTT diagram (see
Figure 1); that is, there exist two nose temperatures anchoring an upper- and
lower-C at which the transformation can proceed maximally [17,18]. The ener-
getic mechanisms responsible for the appearance of this double-C behavior are
not fully known, although the free energy difference is undoubtedly involved.
Double-C curves have been observed previously in U-Cr alloys [19,20], where
the double-C is associated with different transformation products reminiscent
of pearlite and bainite in steels. However, the curious results first reported
for Pu-1.4 at.% Ga and Pu-1.9 at.% Ga alloys indicate that transformation in
either portion of the double-C yields the same α′ product phase. It was origi-
nally proposed by Orme et al. that the α′ product phase formed in the upper-
and lower-C through different transformation mechanisms [17]. However, from
optical microscopy, Deloffre found that the α′ morphologies in the upper- and
lower-C of a Pu-1.9 at.% Ga alloy were nearly identical, but proposed that
the α′ phase in the upper-C preferentially nucleated on grain boundaries [21].
Subsequent dilatometry and calorimetry experiments suggested that the re-
version of the α′ phase in a Pu-1.9 at.% Ga alloy, unlike the Pu-1.2 at.%
Ga alloy, occurs directly with no evidence for intermediary phases during the
α′ → δ transformation [22]. Recent symmetry considerations propose that the
δ → α′ transformation should occur with intermediary phases, although the
lifetimes and dependences upon Ga concentration of these proposed interme-
diary phases is unclear [23].
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More recently, the role that a “conditioning” treatment—an isothermal hold
on the timescale of hours at temperatures below the annealing temperature but
above the transformation temperature—plays in the transformation has been
examined by Blobaum et al [24]. Differential scanning calorimetry experiments
revealed that thermal cycles immediately following a high-temperature anneal
resulted in only a small amount of heat released at low temperature. However,
if a conditioning treatment was employed subsequent to a high-temperature
anneal, but before cooling to sub-ambient temperatures, the measured heat
was increased over that of the unconditioned specimen. This increase in the
measured heat with conditioning was interpreted as an increase in the amount
of transformation over that obtained with an unconditioned specimen. Fur-
thermore, the results from Blobaum et al. show that conditioning at a tem-
perature where the δ phase of Pu-1.9 at.% Ga is metastable is effective at
promoting the δ → α′ transformation. It was posited that conditioning en-
genders the formation of embryos of the energetically favorable α, β, or γ
equilibrium phases [24]. These embryos could then serve as additional potent
nucleation sites for the δ → α′ transformation, although it was suggested that
the proposed β and γ embryos were less effective at promoting the martensitic
transformation.

The exact nature of this conditioning treatment is unconfirmed, but its effects
and importance with respect to the morphology and transformation mecha-
nisms are largely unknown. We therefore report the microstructural charac-
terization of a Pu-1.9 at.% Ga alloy as a function of temperature, time, and
conditioning. From these experiments, we illuminate the role of conditioning
in the δ → α′ transformation and the resulting morphologies in the upper-
and lower-C. We propose that conditioning strongly influences nucleation of
the δ → α′ transformation, but is much less consequential to either particle
growth or overall morphology.

2 Methods and Techniques

2.1 Experimental Details

A single, 3-mm-diameter specimen of a Pu-1.9 at.% Ga alloy with an initial
mass of approximately 200 mg (≈450 µm thick) was used for all experiments
[25]. A small portion of the sample was thinned through electropolishing after
each experimental condition. The thinnest section of the disc, at the end of
all experiments, was approximately 200 µm. The sample was originally cast
in 2000, and its original composition, reported in Table 1, was analyzed with
Inductively Coupled Plasma Mass Spectrometry (ICP MassSpec). The Pu-239
isotope comprises the bulk of the specimen, with 240Pu as the most prevalent of
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the minor isotopes. The presence of delta-stabilizing elements other than Ga
was not detected, although the ICP MassSpec could not chemically resolve
individual concentrations of 241Pu and 241Am. After 8 years of aging, the
sample should have an americium content between 0.006 at.% (assuming no
241Am when cast) and 0.171 at.% (assuming no 241Pu when cast). While Fe is
the most prevalent impurity in our sample, these impurities are expected to
aggregate into Pu6Fe impurity phases, which migrate to the grain boundaries
and do not affect the Pu-Ga phase diagram [26]. Due to the radioactive decay
of Pu and time since casting, slight compositional changes, particularly from
in-growth of daughter products, are expected. This sample was previously
used for differential scanning calorimetry experiments, where it was cycled
35 times through the δ → α′ transformation and reversion as well as up to
375 ◦C, where it was held for 8 or more hours per cycle.

The sample was prepared for optical metallography experiments by mechan-
ically polishing the surface with successively finer alumina lapping films as
small as 3 µm. The sample was then annealed at 375 ◦C for 16 hours in a vac-
uum furnace to remove any deformation-induced phases and defects resulting
from the polishing procedure [13]. The grain size of the sample was well in ex-
cess of 100 µm, of sufficient size such that MS should be weakly dependent on
grain size [27]. While no electron microprobe was performed, the micrographs
revealed no Ga coring to the degree seen by Mitchell et al. [14], suggesting a
reasonably homogeneous Ga distribution for this particular sample.

The specimen was subjected to several thermal cycles designed to probe vari-
ous coordinates within the TTT diagram. A set of experiments was performed
to examine the microstructures in the upper-C (-120 ◦C), in the lower-C
(-155 ◦C), and below the lower-C (-196 ◦C). The general procedure was as
follows: (1) anneal at 375 ◦C for 8 or more hours to remove any previously
formed α′ phase as well as dislocation damage from preparation or previous
δ → α′ transformation; (2) condition by isothermally holding the specimen at
25 ◦C for 8 or more hours; (3) quench to the desired temperature; (4) hold at
the desired temperature for a specified time; (5) upquench to room temper-
ature; and, finally, (6) perform optical micrsocopy. Step two was omitted for
experiments for which no conditioning treatment was desired. For the -120 ◦C
and -155 ◦C experiments, the sample was quenched from room temperature or
375 ◦C by rapidly placing it in bath of ethanol within a copper heat sink that
was thermally sunk to a bath of liquid nitrogen contained in a dewar flask.
Experiments at -196 ◦C were achieved by submerging the sample directly in
a bath of liquid nitrogen. Upquenches were achieved by moving the sample
into a beaker filled with room temperature ethanol. Cooling rates during the
quenching process were estimated from the start of the quench to the time of
temperature equilibration to be in excess of ≈-500 ◦C/min. The temperature
of the heat sink was monitored with a thermocouple or a resistive thermome-
ter and controlled by a Lakeshore 340 temperature controller. Uncertainties
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in hold times were approximately 10 seconds, and the temperature was held
within 5 ◦C of the desired temperature.

Following each thermal cycle, the sample was electropolished at 135 V for 2
minutes in a -15 ◦C solution of nitric acid:ethanol:butoxyethanol (2:9:9). To
enable optical contrast between the δ matrix and the α′ product phase, the
sample was anodized at 7 V for 30 seconds directly after the electropolishing
procedure. Using a Nikon metallographic microscope, the microstructures were
imaged through polarized light at different areas upon the surface with several
magnifications and digitally captured. The thermal cycles, electropolishing,
anodizing, and optical metallography were performed in a glovebox with a
controlled atmosphere of dry nitrogen.

2.2 Image Analysis of the Micrographs

The resulting microstructures were analyzed with ImageJ software to deter-
mine the median length of the α′ particles, lm; the areal number density of α′

particles, na; and the fractional amount of transformation, f . The results for
lm and na are tabulated in Table 2. While f is defined as an area fraction, the
high-aspect ratio of the particles combined with statistical sampling make f
a reasonable approximation to the volumetric amount of transformation [28].
The analysis was performed on images acquired at various locations on the
sample (including multiple grains) after each thermal cycle. The aforemen-
tioned quantities are reported as averages plus or minus standard deviations.
It should be noted that the standard deviation does not solely correspond to
experimental uncertainty, but instead reflects both the natural distribution of
particles and measurement errors.

The images were processed by bandpass filtering the image to smooth the
contrast in background variance, which occurred on a length scale of approx-
imately 1 µm (∼3 µm2). After the filtering process, the image was subjected
to a threshold process to distinguish the α′ particles from the filtered back-
ground. A native, particle-detection routine was then applied to the adjusted
images; the particles were defined as areas of constant contrast subtended by
a closed contour. In order to neglect impurity phases—present even in un-
transformed microstructures and typically rounder than the α′ particles—and
particles not wholly contained within the image borders, the routine was set
to ignore particles that were nearly circular or particles that extended to the
boundaries of the image. The length, li, and area, Ai, of each detected particle
was returned by the routine.

The least accurate quantity determined through the above analysis was the
value of na, whose accuracy suffered from several problems. The detection limit
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of the routine was approximately equal to the background contrast variance
(3 µm2), thus particles smaller than this limit were not counted. In addition,
on the scale of the acquired micrographs, particles often appeared to intersect,
meaning particles in close proximity could have been misidentified as a single
particle and undercounted. The values of na have been nonetheless reported
in units of thousands of particles/mm2 for comparison, but they should be
regarded as estimates. While the analysis of each image resulted in many
values of li and Ai, the number of particles returned from any image was a
single quantity. As such, the statistics behind na were based on the number
of images analyzed as opposed to the number of particles detected; this fact
manifested the large standard deviations of na.

Inaccuracies in li derived from the same shortcomings that limited the accu-
racy of na, specifically the problem associated with intersecting or proximal
particles. In the case of lm, however, there were many particles detected for
each experimental condition. Thus the accuracy of lm was improved over na
by means of better statistics. Particle lengths have been reported in µm.

Finally, the fractional transformation f =
∑n

i=1
Ai

Aimg
was the most robust of

the three quantities obtained from the ImageJ analysis because it was deter-
mined as the proportion of the number of pixels within a range of contrast
defining the α′ particles to the total number of pixels in a given image (Aimg).
This proportion has been given in percent. Like lm, f also benefited from the
improved statistics associated with a large statistical sample size.

3 Results

Example micrographs corresponding to hold temperatures of -120, -155, and
-196 ◦C are shown respectively in Figures 2–4. In these micrographs, the α′

phase can be seen clearly as high aspect ratio, black or white particles em-
bedded within the δ matrix. The contrast (i.e., the brightness/darkness on a
grayscale) of the α′ particles with respect to the δ matrix is a result of the
polarization of the light and the anodizing process, the results of which are a
function of particle size, crystallographic orientation, and inclination with the
surface. In addition to the α′ particles evident in the microstructure, impurity
phases are seen as either dark or bright elliptical objects and grain boundaries
are discerned by dark, irregular lines often associated with changes in large-
scale contrast. The α′ particles remain highly acicular for all experimental
conditions and they grow within a single grain with only a few variants, as
discussed in previous studies [29,30].
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3.1 Conditioning-enhanced Transformation in the Upper-C at -120 ◦C

The results of our microstructural characterization of the δ → α′ transfor-
mation in the upper-C are displayed in Figure 2. Figures 2a and 2b reveal
little quantitative or qualitative discrepancy between the experiments with
and without prior ambient-temperature conditioning when held at -120 ◦C
for 30 seconds: f=4.3±1.4 and 3.3±1.5%, respectively, while na=8.4±4.5 x
103 and 7.1±2.9 x 103 particles/mm2, respectively. On the contrary, as seen
in Figures 2c and 2d, a 4-hour isothermal hold at -120 ◦C is sufficient to
reveal significant conditioning-induced differences in the microstructure re-
sulting from the δ → α′ transformation (with and without conditioning, re-
spectively, f=8.8±3.0 and 2.1±2.2% with na=26.3±7.0 x 103 and 4.4±1.3 x
103 particles/mm2). Without conditioning, there appears to be no increase
in the amount of transformation between a 30-second and 4-hour isothermal
hold (Figures 2a and 2c); however, with conditioning, a 4-hour isothermal
hold produces a significant increase in the amount of transformation and the
areal number density of particles (Figures 2b and 2d). For an intermediate
hold time of one hour following conditioning (not shown), f=7.9±2.5% and
na=16.9±10.1 x 103 particles/mm2, values between those of the 30-second and
4-hour hold times.

Without conditioning, the formation of α′ in the upper-C appears time in-
dependent on the time scale investigated. However, provided the sample un-
dergoes a conditioning treatment prior to cooling, these micrographs imply
time-dependent formation of the α′ martensite, as would be expected from
the isothermal TTT diagram for Pu-1.9 at.% Ga. These differences between
the microstructures with and without conditioning suggest that conditioning
enhances the nucleation or growth of the α′ product phase in the upper-C.

3.2 Conditioning-enabled Transformation in the Lower-C at -155 ◦C

Figure 3 shows characteristic microstructures resulting when the δ → α′ trans-
formation proceeds at -155 ◦C (in the lower-C) with and without prior condi-
tioning treatments. Of immediate note is the fact that, without conditioning,
no transformation products are resolved with optical microscopy for either the
30-second or the 4-hour hold times (Figures 3a and 3c). With conditioning, the
result is quite different (Figures 3b and 3d), where it appears that conditioning
enables transformation in the lower-C. The previously conditioned 30-second
and 4-hour hold times produce similar amounts of transformation in excess of
that seen in the upper-C, with f=12.4±2.0 and 12.7±3.7%, respectively. The
lack of an obvious increase in the amount of transformation as a function of
hold time does not in itself confirm or contradict the isothermal nature of the
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transformation in the lower-C; however, the nearly time-independent value
of f at -155 ◦C does not quantitatively agree with the kinetics proposed by
Orme, Faiers, and Ward [17]. In fact, such a nearly time-independent amount
of transformation intimates that, with prior conditioning, the transformation
may proceed athermally at -155 ◦C.

For the 30-second hold time at -155 ◦C, na=12.9±0.5 x 103 particles/mm2,
while na=7.8±3.9 x 103 particles/mm2 for the 4-hour hold time. While it
appears that the value of na decreases significantly with increased hold time,
the small statistical sample size for the 30-second isothermal hold images likely
results in incomplete statistics. These incomplete statistics combined with
the inherent inaccuracy in na prohibit conclusively ascribing a trend with
increasing hold time to the changes in na at -155 ◦C.

4 Discussion

4.1 Character of the Transformation at -155 ◦C

Mindful of the results detailed in Section 3.2, a set of experiments was per-
formed at -196 ◦C to clarify whether the transformation at -155 ◦C proceeds
with an athermal component. Example microstructures are presented in Fig-
ure 4. Without conditioning, a 30-second hold following a quench to -196 ◦C
yields no transformation (Figure 4a). A subsequent measurement was per-
formed in which the specimen was conditioned, quenched to -196 ◦C, and held
for 4 hours (Figure 4b). No particles were detected with this treatment. If the
transformation at -155 ◦C were athermal, then α′ particles would be present
in the resultant microstructures of Figure 4. As no particles were detected,
it is unlikely that there is an athermal component to the transformation at
-155 ◦C. Furthermore, the lack of particles in Figure 4b implies that there is
no isothermal transformation occurring at these low temperatures, since one
would expect an increase in transformation with increasing hold time. It is
speculated that the transformation at -155 ◦C is isothermal in character with
strong time-dependent nucleation or growth at short time scales.

4.2 Particle Statistics and Distributions of the α′ Phase

The particle statistics presented in this section have been extracted from multi-
ple images (varying from 4 to 15) for each experimental condition. The collec-
tion of images for each time/temperature/conditioning combination encom-
passes multiple grains. Because the α′ particles were not observed to cross
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grain boundaries in this study, each individual grain represents an indepen-
dent sampling of the particle distributions. These independent grains, however,
were all subjected to the same thermal treatment and should be composition-
ally similar. The images acquired from each experimental condition have been
quantitatively analyzed, the results of which are displayed in Figures 5 and
6, where the data are represented as histograms displaying the probability of
a particle growing to a given area and length, respectively. The median par-
ticle length lm is given in each pane of Figure 6. These distributions provide
a quantitative comparison between the differences and similarities of the de-
velopment of the α′ phase in the upper- and lower-C. While the morphologies
appear similar, subtle details regarding the formation of the α′ product can
be extracted from the probability distributions. Previously unpublished opti-
cal micrographs from a different sample (but the same compositional alloy)
held at -120 ◦C for 11 hours yield distributions, areal number densities, and
fractional transformations consistent with those reported here.

The growth of an individual α′ particle is expected to proceed stochastically
from a viable nucleation site, where an individual particle is expected to grow
to a size ultimately governed by properties of its local environment including
strain fields, defects, and grain boundaries. The probability distribution of
such a random growth process is expected to be described by a distribution
within the exponential class. Such a distribution should be bounded so that
there is zero probability of discovering a particle with zero area, a concept
lacking physical significance. Commonly used distributions satisfying these
conditions are the log-normal and gamma distributions, both of which have
been used to describe grain size [31]. When displayed as a semi-log plot, the
distributions obtained from the image analysis do not evince any tendency
for gaussian behavior, as would be expected for a log-normal distrubution.
As such, the more general of the aforementioned distributions, the gamma
distribution, is used to describe the histograms of Figures 5 and 6.

Using the gamma distribution, the probability P(A) of a particle growing to
an area A can be described by:

P(A) =Ab−1 e
−A/c

cb
, (1)

where b and c are fitting parameters related to the shape and size factor of
the distribution, respectively. When b = 1, the gamma distribution collapses
to the exponential distribution. The data have been normalized and fit with
equation 1 such that the area under the probability distribution function is
equal to one. The results of these fits are delineated in Figure 5 and in Table
2.

Similarly, the probability P(l) of a particle growing to length l can be described
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by a gamma distribution; however, the data for l display clear maxima in all
of the distributions. Using the boundary condition that the distribution be
maximal at the mode length l0, the gamma distribution can be reduced to a
function of a single free parameter, arbitrarily chosen as l?:

P(l) = lδ
e−l/l

?

l?(δ+1)
, (2)

where δ≡l0/l?. The values of l? are displayed in the figure panes and in Table
2. The utility of using equation 2 to describe the length distribution lies in the
ability to extract a characteristic length scale, l?, for each thermal treatment.

Equation 1 provides a good fit for all of the histograms of Figure 5 except for
Figure 5g, where deviations are likely a product of a small statistical sample
size (fewer images for this treatment). For the cases of Figures 5d and 5e,
the lack of detectable small particles combined with the values of c prohibit
the determination of b. As such, the results obtained from the distributions in
Figures 5d and 5e are presented as upper limits. In general, increasing hold
times in the upper-C yields a distribution that becomes significantly weighted
toward small particles, as indicated by the reduction in c. The lower-C shows a
somewhat opposite trend, with increasing hold times having little effect on the
low-area portion of the distribution. The value of c appears to increase with
increasing hold times in the lower-C, but higher magnifications from SEM or
TEM are necessary to quantify the low-area portion of the distributions.

By analyzing the probability distributions and extrapolating toward low par-
ticle areas, the expected area occupied by particles below the detection limit
can be estimated. The areas corresponding to particles expected to exist below
this limit are represented by the shaded regions in each pane of Figure 5. De-
pending on the specifics of the distribution function and assuming the validity
of such a distribution, the inaccuracy of the measured fractional transforma-
tion f (displayed in Figures 2–4) can be extreme. For the limiting case of
Figure 5e (associated with the micrograph in Figure 2d), the measured area
could account for as little as 51.1% of the transformation product, while the
optically undetectable portion of the distribution Am would then correspond
to 48.9% of the total amount of δ → α′ transformation. The values of Am,
given in percent as a proportion to the total distribution, can be used to re-
vise our estimate for the fraction of transformation, defined as fr and given
in Figure 5 and Table 2.

Transformations in the upper-C (Figures 6a–6e) tend to have very similar
length distributions, with the caveat that the median length is reduced for
the conditioning-enhanced transformation products with 1-hour and 4-hour
holds following conditioning. The decrease in the median length of the parti-
cle with increased holding time is likely a consequence of the burst nature of
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the transformation: as α′ particles continually form within the δ matrix, they
occupy more space and produce plastic deformation in their immediate vicin-
ity, preventing future particles from growing to large dimensions. The length
distributions echo the results of the area distributions and the dissimilarities
between the upper- and lower-C. Increasing hold times in the upper-C fills in
the low-particle-length region of the distribution. In the lower-C more long
particles form with increasing hold time, while the low-particle-length region
of the distribution remains substantially equivalent. Instead of decreasing as
in the upper-C, the median particle length in the lower-C increases slightly
with increasing hold times. The values of l? extracted from the fits are similar
in the upper-C regardless of conditioning, with an average value of approxi-
mately 2.33 µm. This relative insensitivity to the presence of conditioning may
indicate that growth of the α′ phase is not affected by conditioning, which may
further suggest that conditioning alters the nucleation processes of the δ → α′

transformation.

4.3 Relationship with Previous Work

Previous work by Orme, Faiers, and Ward used dilatometry to determine the
TTT diagram for Pu-1.9 at.% Ga, where the nose of the upper-C is near
-130 ◦C and the nose of the lower-C is closer to -155 ◦C [17]. Since the ef-
fects of conditioning have been shown to saturate in only 8 hours [24], it is
likely that the specimen measured by Orme et al. was unintentionally condi-
tioned. As such, their TTT diagram is probably representative of a conditioned
sample and any comparisons to the data herein should account for this fact.
Indeed, the revised fractional transformation fr of isothermal holds at -120 ◦C
following a conditioning treatment are in reasonable agreement with this pre-
vious work: a 30-second hold produces about 5% transformation, a 1-hour
hold produces about 11% transformation, and a 4-hour hold produces about
13% transformation. About 5 ◦C above the nose of the upper-C determined
by Orme et al., the δ → α′ transformation appears to proceed as follows: a 30-
second hold yields less than 5% transformation, a 1-hour hold yields slightly
in excess of 10% transformation, and a 4-hour hold could be expected to yield
between 10% and 15% transformation. The evolution of fr may suggest that
the nose of the TTT diagram, at least for our particular sample, is at a slightly
elevated temperature with respect to that of Orme et al.

When fr for the lower-C is examined, the case for compatibility with pre-
vious work is not so clear. Qualitatively, the transformation appears to be
isothermal, as previously mentioned (Section 4.1); however, the quantitative
evolution of fr is inconsistent with the TTT diagram of Orme et al., where
the fractional transformation was found to evolve comparably to that of the
upper-C. Our data suggest that the isothermal transformation proceeds in
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the lower-C at a much greater initial rate, which is reflected by the large
value of fr ≈14% after a 30-second hold at -155 ◦C. Deloffre used density as
a measure of the amount of α′ formed, but his values of 5% transformation
after 30 minutes at -110 and -180 ◦C are outside the temperature range of
this study and the study of Orme et al [17,21]. These differences could be
due to discrepancies in the definition of t = 0, quench rate, thermal equili-
bration, or sample-dependent impurities such as defects, helium bubbles, or
decay products from the nuclear decay of Pu. A more thorough mapping of
the TTT diagram with and without conditioning will be necessary to address
these considerations.

Accompanying the original discovery of the double-C was the proposal that
the upper- and lower-C yield the α′ phase via different isothermal transforma-
tion mechanisms: a massive transformation for the upper-C and a martensitic
transformation for the lower-C [17]. The morphologies of the α′ product phase
in the upper- and lower-C appear identical within the limits of optical mi-
croscopy (as seen by Deloffre [21]); the α′ phase remains highly acicular in
both regions of the TTT diagram. As such, there is no clear distinction from
the microstructure that would suggest that the transformation proceeds via
different mechanisms in the upper- and lower-C. Furthermore, the α′ parti-
cles are not seen to grow through grain boundaries, a ubiquitous phenomenon
associated with massive transformations [32,33]. Therefore, a massive trans-
formation is an unlikely mechanism for the δ → α′ transformation in either
the upper- or lower-C.

Previous work by Deloffre indicated that a Pu-1.2 at.% Ga alloy exhibited two
different morphologies in the upper- and lower-C: plate-shaped and lenticular,
respectively [21,22]. From x-ray diffraction, the presence of a short-lived γ′

phase was seen in the upper-C of a Pu-1.2 at.% Ga alloy, and this phase ap-
peared in the same plate-shaped morphology of the α′ phase [21]. Futhermore,
he suggested that the upper-C transformation in a Pu-1.2 at.% Ga alloy was
partly indirect, with a portion of the α′ → δ reversion proceeding consecu-
tively through the β and γ phases before ultimately returning to the δ phase
above 350 ◦C. However, no intermediate phases were reported in the α′ → δ
reversion, the upper-C, or the lower-C of a Pu-1.9 at.% Ga alloy. While the op-
tical microscopy presented herein cannot address the reversion of the α′ phase,
no evidence for a plate-shaped γ′ phase is seen, consistent with the results of
Deloffre. Similar to Deloffe’s previously published work, the micrographs of
Figures 2 and 3 reveal the same morphology for transformations occurring in
the upper- and lower-C. It was noted by Deloffre that, in a Pu-1.9 at.% Ga
alloy, α′ particles preferentially nucleate at grain boundaries in the upper-C,
while showing no propensity for any particular nucleation site in the lower-C.
Although α′ particles intersect grain boundaries in the upper- and lower-C,
this study lacks the time resolution to conclusively confirm or deny Deloffre’s
supposition of preferred nucleation in the upper-C.
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4.4 Implications for the Nature of Conditioning

The microstructures presented in Figures 2 and 3 show that conditioning has
profound effects on the evolution of the δ → α′ phase transformation. While
previous differential scanning calorimetry measurements indicated an increase
in the amount of transformation product with conditioning, those measure-
ments were performed with a cooling rate too slow to separate the effects
of conditioning in the upper- and lower-C of the TTT diagram [24]. That
the lower-C appears to be enabled by a conditioning treatment may be a
key piece of evidence toward identifying the nature of conditioning. If con-
ditioning were simply an annealing process, it is difficult to surmise how it
is capable of enabling transformation in the lower-C. Furthermore, while the
upper- and lower-C do display slight disparities in their size distributions, the
time-dependent evolution of the distributions, as seen in the upper-C, does not
appear to be greatly affected by conditioning. This would suggest that condi-
tioning does not affect dramatically the growth of the α′ phase, but rather it
facilitates the development of additional nucleation sites.

One avenue for increasing the number of nucleation sites could be the accumu-
lation of radiation-induced damage in the lattice during conditioning. Perhaps,
through Pu self-irradiation, dislocations form, persist, and serve as nucleation
centers at low temperatures, thus increasing the number of observed α′ par-
ticles and the volumetric amount of transformation. However, it was shown
by Fluss and co-workers that most radiation damage is annealed out near
room temperature [8]. Blobaum et al. found that conditioning exhibits a max-
imal efficacy at promoting the δ → α′ transformation at room temperature,
with low-temperature conditioning treatments resulting in smaller amounts of
transformation than those at room temperature [24]. If damage through self-
irradiation were the underlying principle responsible for conditioning, then
one would expect a temperature-dependent conditioning effect that increases
with decreasing temperature, a dependence not observed experimentally. The
mass transport phenomena, including radiation-enhanced diffusion, of self-
irradiation and how they might affect the δ → α′ transformation in Pu-Ga
alloys are certainly not fully understood, and, in order to fully explore the
potential for radiation damage as a description of conditioning, measurements
using different Pu isotopes with more or less specific activity than 239Pu would
be desirable.

Another method for increasing nucleation sites could be the formation of
second-phase embryos or nuclei during the conditioning treatment [24]. At
room temperature, a Pu-1.9 at.% Ga alloy should be in a phase-separated
equilibrium structure of α + Pu3Ga, but the δ-Pu phase is retained due to
very slow kinetics (of order 10,000 years [3–5,10]) for this eutectoid decompo-
sition. Nevertheless, there exists a driving force for the δ phase to decompose,
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and stable α or Pu3Ga nuclei could form. The short time scales of condition-
ing, near 8 hours, would tend to prohibit the formation of Pu3Ga nuclei in
a homogenized Pu-1.9 at.% Ga alloy, because significant Ga diffusion would
need to occur. Therefore, it is possible that α embryos or nuclei form dur-
ing the conditioning treatment. These conditioning-induced embryos or nuclei
could then serve as the progenitor nuclei or heterogeneous nucleation sites for
the formation α′ particles at low temperature. While speculative, the presence
of these progenitor nuclei could account for the rapid, conditioning-induced
formation of the α′ phase in the lower-C, because only growth, which has been
shown to exhibit rapid burst behavior [13–15], is required in such a scenario.

If nucleation of equilibrium phases is culpable for the conditioning effect in Pu-
Ga alloys, then there should be a temperature dependence to the conditioning
effect that displays a maximum, which has been observed near room tempera-
ture[24]. This temperature dependence would be a function of parameters like
the chemical driving force, strain energy, migration barrier, etc. Furthermore,
nucleation of equilibrium phases should be insensitive to the isotope of Pu
used in synthesizing the Pu-Ga alloys, provided that the activity of an iso-
tope other than 239Pu does not significantly alter the Pu-Ga phase diagram.
Measurements of properties sensitive to the δ → α′ transformation (differen-
tial scanning calorimetry, resistivity, dilatometry, TEM, etc.) as a function of
conditioning temperature as well as Pu isotope should be capable of testing
this hypothesis.

5 Conclusions

Microstructural evidence reveals that ambient-temperature conditioning has
dramatic effects on the δ → α′ transformation, where conditioning enhances
the transformation at -120 ◦C while enabling the transformation at -155 ◦C.
The isothermal nature of the transformation at -120 ◦C (within the upper-C
of the TTT diagram) is confirmed by the time-dependent evolution of the
amount of transformation. In addition, experiments involving rapid quenches
to -196 ◦C imply that the transformation at -155 ◦C (within the lower-C of
the TTT diagram) is also isothermal. However, the amount of transforma-
tion in the lower-C is found to be weakly time-dependent between 30 seconds
and 4 hours, suggesting rapid formation of the α′ phase at low times. No evi-
dence for a massive transformation, particularly particle growth through grain
boundaries, was seen in either the upper- or lower-C of the TTT diagram.

The microstructures in the upper- and lower-C appear similar, but small dis-
parities can be identified through analysis of the size distributions of the re-
sulting α′ particles. The upper- and lower-C appear to differ in that trans-
formation in the lower-C tends to yield larger particles. Conditioning does
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not seem to affect the growth of the α′ particles, intimating a change in the
nucleation processes as the nature of conditioning. It is likely that condition-
ing promotes the formation of embryos or nuclei of equilibrium phases, which
serve as nucleation sites or potent nuclei in addition to those isothermally
formed at low temperature. The presence of these conditioning-induced nuclei
or embryos would result in an increase in the amount of transformation when
the specimen undergoes the δ → α′ transformation. Further temperature- and
isotope-dependent measurements should be performed to clarify the nature of
conditioning in Pu-Ga alloys.
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Table 1
Compositional analysis of the Pu-1.9 at.% Ga specimen used. Amounts are given in
atomic percent (at.%) where detected, otherwise elements not detected are indicated
by a dash (“-”).

Element Amount Element Amount Element Amount

Al - Ga 1.9 235U 0.0081

V 0.0045 Y - 237Np 0.0011

Cr - Ta - 238UPu 0.013

Mn - W - 239Pu 93.8

Fe 0.1755 232Th - 240Pu 6.00

Ni 0.0371 233U - 241PuAm 0.174

Cu - 234U 0.0003 242Pu 0.047
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Fig. 1. The TTT diagram of the δ → α′ martensitic transformation in Pu-1.9 at.%
Ga (reproduced from [17]).
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Fig. 2. The microstructure of the transformation for 30-second isothermal holds
at -120 ◦C (a)without and (b) with conditioning and for 4-hour isothermal holds
at -120 ◦C (c) without and (d) with conditioning. na is given in thousands of
particles/mm2.
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Fig. 3. The microstructure of the transformation for 30-second isothermal holds at
-155 ◦C (a) without and (b) with conditioning and for 4-hour isothermal holds
at -155 ◦C (c) without and (d) with conditioning. na is given in thousands of
particles/mm2.
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Fig. 4. The microstructure of the transformation for (a) a 30-second isothermal hold
at -196 ◦C without conditioning and (b) a 4-hour isothermal hold at -196 ◦C with
conditioning.
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Fig. 5. (color online) Probability distributions for particles of a given area. The
fraction of particle area not detected due to experimental limits (see text for details)
is represented by the shaded region on the left. The solid lines are fits to equation
1 and the values of b, c, Am, and fr are described in the text.
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Fig. 6. (color online) Probability distributions of α′ particle lengths. The solid lines
are fits to equation 2 described in the text. The median length lm and l? are given
for each distribution
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Table 2
Quantities determined from the analysis of the microstructures presented in Fig-
ures 2–4: median particle length lm in µm, areal number density na in 103

particles/mm2, revised fractional transformation fr in percent, b from equation 1, c
from equation 1 in µm2, and l? from equation 2 in µm.“ NC” and “C” represent ex-
periments without and with conditioning, respectively. The experimental conditions
corresponding to the panes of Figures 5 and 6 are listed in the second column.

lm na fr b c l?

NC, 30 s, -120 ◦C (a) 7 7.1±2.9 3.6±1.6% 1.70 6.5 2.56

NC, 4 hr, -120 ◦C (b) 5 4.4±1.3 2.8±1.6% 2.44 3.3 1.01

C, 30 s, -120 ◦C (c) 7 8.4±4.5 4.7±2.8% 1.02 13.2 1.95

C, 1 hr, -120 ◦C (d) 5 16.9±10.1 11.4±3.2% 1 5.6 2.44

C, 4 hr, -120 ◦C (e) 5 26.3±7.0 13.1±4.5% 1 4.9 2.38

C, 30 s, -196 ◦C (f) 8 1.4±0.7 2.8±1.1% 1.26 9.0 2.21

C, 30 s, -155 ◦C (g) 7 12.9±0.5 13.5±2.2% 3.29 2.8 0.72

C, 4 hr, -155 ◦C (h) 9 7.8±3.9 13.6±4.0% 1.31 11.9 3.53

NC, 30 s, -155 ◦C - - 0 0 - - -

NC, 4 hr, -155 ◦C - - 0 0 - - -
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